Electrocardiography was carried out during hypoxemia and graded exercise tests before and at intervals between 2 and 20 months after attempts to revascularize the heart by internal mammary 
Angina pectoris Vineberg operation indicated that a number of patients are improved symptomatically, although the proportion is variable. Most studies3-8' [10] [11] [12] [13] [14] [15] have evaluated the angiographic evidence of patency and flow through the implanted vessels and the developed collaterals, but only a few have presented objective evidence of functional improvement. Physiologic validation of revascularization has been provided in a small group of patients by documenting an alteration in myocardial lactate metabolism,'2 13 but wide application of this technic to evaluate the collective results is limited by the need for cardiac catheterization and tedious laboratory deterninations. Exercise electrocardiography has been used in a few cases," 2 6 but there has been no systematic employment of this method of evaluating the results of mammary implantation.
In this study, the hypoxemia test with exercise electrocardiography was done before and between 2 and 20 months after attempts to revascularize the heart by implantation of an internal mammary artery or arteries. The results of stress electrocardiography were correlated with the symptomatic response and angiographic evidence of revascularization.
Methods

Group Studied
Details of the clinical material are given in tables 1 to 3. Revascularization operations were done in a total of 44 patients. All of these had a history of chronic angina pectoris, which in most cases interfered with continued employment despite all efforts to manage the problem medically. In general, the angina was physically incapacitating and the exciting cause was physical effort. There were two exceptions, however: one patient requiring work at 1,000 kpm/min to provoke angina and a positive exercise ECG response, and the other having neither angina nor a positive ECG response to work at 1,200 kpm/min. Eleven patients had had prior myocardial infarcts, but none in the year previous to study. All had undergone preoperative coronary arteriography, and all but one had preoperative stress electrocardiography. Six patients had slight left ventricular enlargement before operation, but left ventricular contractility was judged to be good by angiography in all patients. The left ventricular end-diastolic pressures of the whole group ranged from 4 to 20 mm Hg, averaging 12 mm Hg. None of the patients had evidence of heart failure or were taking digitalis when studied preoperatively. Both hypoxemia and graded exercise tests were carried out during electrocardiography one or more times after operation in all but one patient; this one patient had exercise tests only. Seventeen of the 44 subjects were studied more than once after surgery, at 5 or 6 months after operation, and then at 3 to 6-month intervals up to 20 months (see fig. 6 ). The other 27 patients had stress electrocardiography done once postoperatively: in one patient 2 months after surgery, and in the rest between 5 and 20 months, averaging 12 months after operation. All but three of the patients are surviving at the time of this report; one died 11 months after a saphenous vein graft, and two died 11 and 20 months, respectively, after double internal mammary implantation. The deaths were due to acute myocardial infarction.
Surgery
Thirteen single vessel implants were done. In 11 cases the left internal mammary artery was implanted adjacent to the anterior descending coronary artery; in two others a saphenous vein graft from the aorta was implanted into the postero-inferior wall of the left ventricle.
Thirty-one patients had double internal mammary artery implantation. The right internal mammary artery was implanted into the anterior wall and the left internal mammary artery into the lateroposterior or inferior wall of the left ventricle, depending on the area of ischemia shown by coronary arteriography. In four patients the gastroepiploic artery was also implanted into the inferior wall of the left ventricle. The Vineberg technic3 was used in 39 patients, and the Sewell method of pedicle mammary implantation,10 in five patients having double mammary implantation.
Clinical Evaluation
A standardized questionnaire was employed for the clinical evaluation. This was completed each time the patient was seen, in a attempt to quantitate the daily and weekly frequency of angina, the exciting causes, and the consumption of nitroglycerin tablets. The patient was also asked to estimate the per cent of full activity at which he was functioning on the occasion of each interview, at least two times before operation, and at 3 to 6-month intervals after operation.
The clinical result was classified as excellent when the patient was able to return to work and had no angina pectoris except after heavy physical exertion (as a timber cruiser in one case, a teamster in another). Patients with a good clinical result were able to more than double their estimated percentage of full activity (for example, from 25% before operation to 75% after surgery) or had less than half the preoperative frequency of angina and use of nitroglycerin tablets, or both. A fair result was characterized by a postoperative increase in activity up to twice the preoperative level (for example, from an estimated 25% to 50% of full activity) or one third to one half as much angina and nitroglycerin usage, or both. Patients exercised by pedaling a bicycle ergometer (Elema-Schonander), modified so that it could be operated by a person lying supine. Exercising in the supine position, with the leg electrodes moved to the costal margins (see below), minimizes the coupling of skeletal muscle potentials to the electrocardiogram, and permits good quality 12-lead, exercise electrocardiography.17
The first level of exercise was 100 to 200 kpm/ min; this was increased by increments of 100 to 200 kpm/min until ECG changes or chest pain developed or until dypsnea or fatigue terminated the exercise. All patients exercised at a given level for 4 min if neither chest pain nor ECG alterations occurred. They rested for several minutes between exercise periods until the heart rate returned to the pre-exercise level. Based on previous study,'7 the hypoxemia test was considered to be positive if there was segmental S-T depression > 0.5 mm, and a positive exercise test was indicated by segmental S-T depression > 1.0 mm. The occurrence of junctional S-T depression, with upward slanting S-T segments, was not taken as evidence of a positive response.
Twenty-nine of the 44 patients had normal preoperative resting electrocardiograms (tables 2 and 3). Eleven others had abnormal resting records, showing prior infarction, but iso-electric S-T segments. Only four of the 44 had segmental S-T depression in the resting ECG. In these patients the stress response was considered positive when the segmental S-T depression increased at least 1 mm.
Operative ST-T alterations disappeared in the majority of cases by the time of the first postoperative stress study, usually 4 to 6 months after surgery. In 10 instances new or greater segmental S-T depression appeared in the resting ECG. In these cases the postoperative stress ECG was considered to be positive if segmental S-T depression increased at least 1 mm. In all such cases unmistakable angina also occurred concomitantly with the ECG changes.
Circulation, Volume XL, September 1969 The stress test was considered positive if either or both hypoxemia or exercise produced significant S-T depression. In six cases, before operation, and eight after operation, neither hypoxemia nor exercise evoked significant ECG changes, although half of each group developed angina (see "Results"). All such tests were considered negative since each patient served as his own control and the maximum preoperative and postoperative exercise heart rates did not differ significantly (see "Results"). severe disease was present in the right coronary artery in 11 instances, in the anterior descending in eight, and in the circumflex in nine.
Twenty-three of the 31 patients having double internal mammary implants had moderate or severe disease of two or more major coronary arteries. The right coronary artery had moderate or severe disease in 26 instances, the anterior descending had it in 23, and the circumflex artery, in 16.
Postoperative coronary and mammary arteriography was done in 12 of the 13 implants (table 3 and fig. 2 ). Except for one study done 2 months postoperatively, arteriography was carried out between 6 and 20 months after surgery, averaging 11 months (table 1 ) . A small number of patients had changes in the coronary circulation in the interval between surgery and postoperative arteriography. Three of the patients having single vessel implants had interval occlusion of one coronary artery, and one developed significant intercoronary collateral vessels after surgery. Four of those having double mammary implantation had interval coronary occlusion, and four developed significant intercoronary collateral pathways postoperatively.
Arteriography in 12 of the patients having single vessel implants showed that the implanted internal mammary artery was patent to the myocardium in nine ( fig. 1) . No collaterals developed in four of these. In the five cases exhibiting collateral development, revascularization was present in three, and more extensive collaterals to either the anterior descending or circumflex artery formed in two (the excellent and good clinical results, respectively). Both saphenous vein grafts and one mammary implant were occluded outside the heart. Figure 1 correlates the clinical and angiographic results of single vessel implantation. Two of the 12 patients having arteriography had good symptomatic results, although the implant was either closed or patent but without collaterals. The only patient in this group with an excellent clinical result had coronary disease limited to the anterior descending artery and displayed retrograde filling of that vessel during mammary arteriography. Figure 2 correlates the clinical and angiographic results of double internal mammary implantation. Arteriography performed in 22 patients showed that both implants were closed in eight cases and that one or both were patent with collaterals being present in eight. In the eight instances of collateral development following double mammary implantation, a small zone of revascularization was demonstrated in six, and more extensive results, despite the fact that either or both mammary implants were closed (six) or patent but without collaterals (three).
The arteriograms shown in figure 3 preoperative stress electrocardiography, and postoperative testing was done in every case. In 30 of the 43 preoperative studies, both hypoxemia and exercise tests were positive, in six only the exercise test was positive, and in one the hypoxemia test alone was positive. In six patients neither hypoxemia nor exercise Circulation, Volume XL, September 1969 evoked significant ECG changes, although half of these tests were stopped before reaching a sufficient tachyeardia because the patients experienced angina. Chest pain also occurred during 20 of the 31 positive preoperative hypoxemia tests and during 32 of the 36 positive preoperative exercise tests.
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In 27 of the 44 postoperative studies, both hypoxemia and exercise tests were positive; in seven, only the exercise test was positive, and in two, the hypoxemia test alone was positive. Neither stress test was positive in eight cases, although chest pain in half of these patients stopped the tests. Chest pain also occurred during 22 of the 29 positive postoperative hypoxemia tests and during 33 of the 34 positive postoperative exercise tests.
There was no consistent difference between preoperative and postoperative levels of maximum hypoxemia. In the two patients with excellent clinical results the maximum levels of arterial hypoxemia were greater after than before operation (maximum Sao, decreased by 5 and 20%, respectively) during the hypoxemia tests that had become negative after surgery. Of the 17 patients with good or fair clinical results having positive preoperative hypoxemia tests, 14 had positive tests postoperatively, nine at greater levels of hypoxemia (maximum Sa02 3 to 12%, averaging 7% less than preoperatively). Of the 12 patients with no clinical improvement having positive preoperative hypoxemia tests, nine had positive tests postoperatively, six at lower levels of hypoxemia (maximum Sa02 3 to 7%, averaging 5%, more than preoperatively) and three at greater levels (maximum Sao, 2 to 12% less than preoperatively). When both positive and negative hypoxemia tests are considered together, the difference between preoperative and postoperative maximum levels of arterial oxygen saturation ranged from -21 to +15% and averaged -4% (table 1) .
Both of the patients with excellent clinical results were able to exercise at greater work loads (100 and 900 kpm/min increases, respectively) postoperatively, and there was reversal of the positive preoperative exercise tests. Of the 19 patients with good or fair clinical results having positive preoperative exercise tests, 17 had positive tests postoperatively, five at greater work loads (50 to 250 kpm/min more), eight at lower levels than preoperatively (50 to 350 kpm/min, averaging 213 kpm/min less), and four at the same lexel. Of the 17 patients with no clinical improvement having positive preoperative exercise tests, 15 had positive tests postoperatively, three at greater work levels (50 to 200 kpm/min more), seven at lower work levels (50 to 350 kpm/min, averaging 200 kpm/min less) and five at the same level. When both positive and negative exercise tests are considered together, the differences between preoperative and postoperative maximum work levels ranged from -450 to +900 kpm/min, and averaged -30 kpm/min (table   1) . Figure 6A and B shows the differences between preoperative and postoperative levels of maximum hypoxemia and work and the variation in the level of hypoxemia and work which produced a positive ECG response in 17 patients studied more than once during the postoperative period. There is less temporal variation in exercise levels than in the levels of hypoxemia. Despite the variation, there was postoperative reversal of the preoperative positive response in only two patients (the excellent clinical results), both of whom had negative hypoxemia and exercise tests as early as 5 months after surgery. Furthermore, the lack of any pattern of late changes in response suggests that the period of follow-up was sufficient to detect any trend toward late functional improvement. Figure 6C compares the preoperative and postoperative frequency of positive exercise response as a function of the maximum heart rate attained during exercise. The range of maximum heart rates was the same (83 to 131) both before and after operation. The mean preoperative rate was 99, the mean postoperative rate 105, an insignificant difference. The lack of a significant shift in the frequency of positive response along the heart rate axis suggests that persistently positive responses were not related to a change in the heart rate in response to exercise in the postoperative period. Although both of the patients having excellent clinical results after surgery were able to reach a significantly greater exercise heart rate, the number of patients having good or fair clinical results who reached greater exercise heart rates PREOPERA TI VE CONTROL HYPOXEMIA. PRE-EXERCISE EXERCISẼ~~~~~p POSTOPERA TIYE (Ilmos) CONTROL HYPOXEMIA PRE-EXERCISE EXERCISE + 1 0~7F . T M --t | ; , , , -r F A i k t + -. i -F F 7 7 7 e q Figure 7 Stress ECG in the patient (case 2, M.W., table 3) whose arteriograms are depicted in figure 3 . Preoperatively, the hypoxemia test was more obviously positive than the exercise test. Postoperatively, both tests were positive, correlating with the lack of myocardial revascularization.
was about equal to the number who had lower exercise heart rates. Figure 7 shows the stress electrocardiograms of the patient whose coronary arteriograms are depicted in figure 3 . Preoperatively, the hypoxemia test was more obviously positive than the exercise test. Postoperatively, both tests were positive, correlating with the lack of myocardial revascularization. Figure 8 illustrates the stress electrocardiograms of the patient whose coronary arteriograms are depicted in figures 4 The clinical results of this study indicate some measure of symptomatic improvement in 38% of patients having single vessel implants and in 65% of those having double internal mammary implants, an overall improvement in slightly more than 50%.
In this study the best symptomatic results occurred in two patients having disease limited to the anterior descending coronary artery and angiographic evidence of mammary flow filling major radicals of that vessel. Three patients having less extensive mammary collaterals were moderately improved. Thus, in a total of five patients among the 34 having postoperative angiography (15%), symptomatic improvement could be ascribed to mammary revascularization. On the other hand, eight patients (24%) with collaterals revascularizing a small myocardial area had no improvement. Ten of the 30 (29%) had patent mammary implants but no evidence of revascularization, while the implanted vessels were occluded in 11 (32%). Of interest, 11 of the 34 (32%) had moderate symptomatic improvement in the absence of revascularization.
Preoperatively, stress electrocardiography was positive in all but six of the 44 patients in this study: that is, either hypoxemia or exercise (or both) responses were abnormal. The exercise test was positive more often than the hypoxemia test, although in a few cases Circulation, Volume XL, September 1969 312 STRESS ELECTROCARDIOGRAPHY the hypoxemia test alone was positive. Previous experience'7 has shown the greater sensitivity of the graded exercise test, but it has not been determined whether exercise constitutes a greater stress or whether the greater lead strength of the altered extremity lead axes provides more sensitive electrocardiography during exercise.
The results of postoperative stress electrocardiography correlated closely with the findings on postoperative coronary and mammary arteriography. The ECG responses to hypoxemia and exercise were not changed in 83% of the patients having angiographically confirmed implant occlusion or nonrevascularization. On the other hand, reversal of the stress ECG response occurred in all of the cases with angiographically proven significant revascularization.
It may be questioned whether the follow-up period has been long enough for adequate evaluation of the operative results. This seems rather improbable in view of the lack of any trend toward late symptomatic change in patients studied by stress testing up to 20 months postoperatively. During this period, stress electrocardiography has provided objective evidence of improvement in a small number of patients with limited coronary disease who developed good collaterals and was correlated with the lack of revascularization in the majority, even in those subjectively improved.
